targeting the highly conserved regions of mouse and mandibular and maxillary epithelia and periocular mesenchyme (data not shown). The asymmetrical expreshuman Pitx1. The deduced amino acid sequence of one sion is maintained in the LPM until at least stage 15 clone showed high homology to the mouse Pitx2 (95%), (data not shown) and in the left side of the heart tube indicating its identity to be chick Pitx2.
and developing gut mesenchyme at stage 21 (Figure We examined the early expression patterns of chick 1E), suggesting that Pitx2 may also be involved in estabPitx2 by means of whole-mount in situ hybridization.
lishment of L-R asymmetrical organs in the chick. In Prior to gastrulation, Pitx2 transcripts were detected in addition, intense expression of Pitx2 was observed in the endoderm of the area pellucida except for the midthe lefty body wall ( Figure 1E ). line and weakly in the area opaca (data not shown). At
In early mouse embryos, expression of Pitx2 is initially stage 4 (Hamburger and Hamilton, 1951) , no signals detected bilaterally in the head fold mesenchyme at 7.5 were detected in the midline of the embryo, but by stage days postcoitum (dpc) (data not shown). Asymmetrical 6, bilateral expression was observed in the head mesenexpression of Pitx2 is first observed in the left LPM at chyme and dorsolateral region corresponding to the pre-8.0 dpc (2-3 somite stage), extending laterally along sumptive cardiac mesoderm (data not shown). At stage the anteroposterior axis ( Figures 1F and 1G ), somewhat 7, in addition to the dorsolateral mesoderm, Pitx2 is resembling that of lefty-2 and nodal (Collignon et al., expressed intensely in the left LPM ( Figure 1A ). Trans-1996; Meno et al., 1997) . However, lefty-2 and nodal are verse sections revealed bilateral expression in the head only transiently expressed on the left, and these signals ectoderm, head mesenchyme, foregut, and endoderm become weak in 5-6 somite embryos, in contrast to the ( Figure 1A ), while ipsilateral left expression is restricted intense asymmetrical expression of Pitx2, which perto the LPM ( Figure 1A ). The expression domain in the sists in the LPM until 8.5 dpc (8-9 pairs of somites) LPM extends laterally along the anteroposterior axis at ( Figure 1G ). At 9.5 dpc, Pitx2 expression can be obstage 10 ( Figure 1B) . At stage 10 when the tubular heart served in the brain, head mesenchyme posterior to eyes, is formed, sagittal sections revealed Pitx2 is expressed and first branchial arch (data not shown). In addition in the stomodeal epithelium and head mesenchyme to the LPM, asymmetrical expression of Pitx2 can be (data not shown). In transverse sections, asymmetrical observed in the left truncus arteriosus, left dorsal part expression was observed in the left myocardium (Figure of the common atrium, left common cardinal vein, left 1C). At stage 10, in the LPM, Pitx2 is expressed in side of foregut primodia and lung buds, and the septum splanchnopleure rather than somatopleure ( Figure 1D ), transversum proximal to the liver primordium. Posteriwhile at earlier stages it is expressed in both ( Figure  orly , Pitx2 is expressed in the left vitelline vein, the ventral part of dorsal aorta, and the left dorsal side of the 1A). By stage 15, expression can also be observed in hindgut ( Figure 1H ). These observations indicate that in mouse, a strong correlation also exists between the asymmetric orientation of organs and Pitx2 expression.
To determine the genetic hierarchy between Pitx2 and other genes implicated in L-R axis formation, we examined Pitx2 expression in mouse mutants with perturbed L-R development, situs inversus viscerum (iv) (Hummel and Chapman, 1959; Layton, 1976) in which assignment of L-R asymmetry is apparently random; individuals either develop normally or mirror-image-reversed (situs inversus). In iv/iv mice, we observed three patterns of Pitx2 expression: bilateral, right-sided, and normal leftsided expression (data not shown; detailed analyses will be published elsewhere), suggesting that Pitx2 is downstream of iv. Since expression of Pitx2 persists longer than that of Lefty-2 or nodal, we were able to observe its expression in various organ primodia and to correlate alternation of the Pitx2 expression with direction of heart looping/turning: embryos expressing Pitx2 in the left side exhibit normal heart looping/turning, while those expressing Pitx2 in the right side show reversed looping/turning. When Pitx2 is expressed bilaterally, orientation of the looping/turning becomes left or right randomly. Thus, Pitx2 appears to be a key gene for determination of leftness in heart formation, consistent with the fact that cardiac defects are among the associated defects of the Rieger syndrome.
Ectopic Expression of Mouse lefty near the Node at Stage 5 Results in Repression of Chick Pitx2 Expression
Since both Pitx2 and nodal are expressed asymmetrically in both chick and mouse embryos, it is reasonable to consider that a common signaling cascade may exist for establishing L-R asymmetry in vertebrates. In the mouse, Meno et al. (1998) unexpectedly found bilateral expression of Pitx2, lefty-2, and nodal in lefty-1-deficient mice, exhibiting thoracic left isomerism (instead of right isomerism). In any case, however, the results indicated the involvement of Lefty-1 in the regulation of their expression. We therefore examined whether mouse Lefty-1 could affect the expression pattern of Pitx2 in early chick embryos, although chick lefty genes have not been identified yet. We implanted a cell pellet producing mouse Lefty-1 on either the left or right side of Hensen's node (HN) between the epiblast and endoderm at stage 5 ( Figure 2A ) and checked for changes in Pitx2 expression after 6-8 hr of incubation. We predicted that mouse Lefty-1 would be able to induce ectopic expression of Pitx2; however, to our surprise, implantation of the cell pellet on the right of the node at stage 5 resulted in suppressed (Table 1 ). The incidence of elimination of Pitx2 expression is about 50%, which is statistically significant as judged by the 2 test (Table 1) . When lefty-2 was used in place of lefty-1, a similar effect was observed ( Table 1 ), demonstrating that mouse Lefty-1 and Lefty-2 function equivalently upon ectopic expression in the chick for repression of Pitx2 expression.
Since chick nodal is expressed in the left LPM (Levin et al., 1995) , we also examined the effects of ectopic application of Lefty-1 can induce expression of cSnR in the left LPM, which does not occur when a control pellet was implanted ( Figure 2R ), indicating that cSnR expresshown). These results imply that that Lefty-2 or its resion can also be regulated by mouse Lefty-1. lated protein is involved in normal expression of Pitx2 in the left LPM of the chick embryo.
Expression of Pitx2 Is Induced Ectopically in the Right LPM by Mouse Lefty Chick Pitx2 Is Induced by Ectopic Expression of Shh at Stage 7-8
In mouse, the asymmetric expression of Pitx2 persists
In the chick embryo, Shh is expressed asymmetrically at stage 5 on the left side of HN (Levin et al., 1995) . longer than that of lefty-2 (Meno et al., 1998) , suggesting Pitx2 may be downstream of lefty-2. To determine Since ectopic expression of Shh on the right side of the node results in bilaterally symmetrical nodal expression, whether this might also be the case in the chick, a cell pellet expressing either mouse lefty-2 or lefty-1 was leading to randomization of visceral situs, Shh is considered a key factor in determination of L-R asymmetry at implanted at stage 7 ϩ (2-3 somites) in the right LPM between the epiblast and endoderm ( Figure 3A) . After least in the chick (Levin et al., 1995) . To examine whether Shh can induce expression of Pitx2, pellets of Shh-8-10 hr of incubation, in situ hybridization analysis revealed that ectopic expression of Pitx2 in the right LPM expressing cells were implanted at stage 4 as described previously (Levin et al., 1995) . After 6-8 hr of incubation, was induced ( Figure 3B ). In transverse sections, Pitx2 was observed to be ectopically expressed in the right the expression pattern of Pitx2 was analyzed in 8-somite embryos. When cell pellets were implanted on the right splanchnopleure and somatopleure ( Figures 3C and 3E ), but not in the posterior region ( Figures 3D and 3F) . Imside of the node, where Shh is normally not expressed, Pitx2 expression was observed in both the right and left plantation of the pellet in the left LPM did not result in any significant alteration of Pitx2 expression (data not LPM (data not shown), as also demonstrated by Logan et al. (1998 [this issue of Cell) . These results indicate that Pitx2 lies downstream of Shh in the molecular pathway for determination of L-R asymmetry in the chick.
Discussion

Expression of Pitx2 Is Regulated by Lefty or Its Related Proteins in Chick Embryos
We have found that Pitx2 is expressed in the left LPM and subsequently in the primordia of various asymmetric organs in both mouse and chick, possibly providing left positional information during development of internal organs. Here, we focus on the regulation of the asymmetric expression of Pitx2 in the left LPM. The genes reported to exhibit L-R asymmetrical patterns can be lefty-1, belonging to the latter class, is restricted in the left side of the prospective floor plate (PFP) in the mouse . Pitx2 falls also into the latter class of mouse Lefty-1 can be observed when applied just since its asymmetric expression is fairly broad and perafter Shh is expressed in the left side of the node, inducsists at least until stage 21 ( Figure 1E ). Thus, it is likely ing expression of X (Pagan-Westphal and Tabin, 1998). that expression of Pitx2 is regulated by the gene belongJudged from the fact that mouse lefty-1 starts to express ing to both classes. Especially, since the expression can in embryos with a few pairs of somites (Meno et al., be regulated by mouse Lefty-1 and Lefty-2 in the chick, 1997), clefty-1 may be expressed at about stage 7, which the existence of chick homologs, which we will refer is later than a period of asymmetric Shh expression. to as cLefty-1 and cLefty-2, respectively, was strongly Thus, it may be more likely that a role of cLefty-1 is to implicated. Although mouse Lefty-1 and Lefty-2 have represses the expression of X. If this is the case, it means identical activities when assayed in the midline and the that under normal conditions cLefty-1 does not repress LPM in the chick, their spatial and temporal expression X expression. Although roles of cLefty-1 are quite equivpatterns in the mouse embryo suggest that their endogocal, considering these observations together, we proenous functions are distinct: cLefty-1 may repress expose the signaling pathway depicted in Figure 4A . pression of Pitx2 and nodal and induce expression of cSnR in the left LPM, while cLefty-2 may induce expression of Pitx2 in the left LPM.
A Model for the Signaling Pathway in Determination of L-R Asymmetry in the Chick Assuming the presence of clefty-1 and clefty-2 in the chick, we consider the following scenario ( Figure 4A ):
The present results strongly suggest that a common molecular pathway exists from lefty-1 to Pitx2 in deterShh induces expression of Pitx2, mediated by expression of clefty-2, as observed for nodal (Logan et al., mination of L-R asymmetry in vertebrates. The next question involves what this common signaling pathway 1998), because Pitx2 expression is induced by mouse Lefty-2 as well as by Shh. As it seems likely that Shh might be. This was somewhat perplexing, because unexpected results were obtained, such as (a) induction induces nodal expression in the LPM via a secondary signal "X" whose activity resides within the cells immediof nodal, lefty-2, and Pitx2 expression in the right LPM in lefty-1 Ϫ/Ϫ embryos (Meno et al., 1998) and (b) eliminaately adjacent to the midline (Pagan-Westphal and Tabin, 1998), we can assume that the same factor X tion of nodal and Pitx2 expression in the left LPM after ectopic application of mouse Lefty protein close to the may induce expression of clefty-2. Thus, there may exist a signaling pathway going from Shh to Pitx2 through node in chick embryos. The two results are consistent in suggesting that Lefty-1 acts to suppress the expres-X, nodal, and clefty-2 in the left ( Figure 4A ). Since the expression of cSnR may be repressed in the left LPM sion of Pitx2 and nodal on both sides of the LPM in mouse and chick. However, these results are rather parby Nodal (Isaac et al., 1997; Pagan-Westphal and Tabin, 1998) and probably by clefty-2 ( Figure 4A) . adoxical, because Lefty-1 is considered to provide left positional information. To explain the paradoxical bilatAs is in the mouse (Meno et al., 1996) , clefty-1 may be expressed in the left side of the PFP in the chick. Its eral expression of nodal, lefty-2, and Pitx2 in lefty-1 Ϫ/Ϫ embryos, a midline barrier model was proposed (Meno function in the midline appears to be to inhibit the Shh activity or to repress expression of X, because the effect et al, 1998). In the model, Lefty-1 was speculated to al., 1996) . Supernatants of the CEF cultures transfected with the function as midline barrier preventing diffusion of a facviral DNAs were aliquoted and stored at Ϫ80ЊC until use.
tor X that induces expression of nodal, lefty-2, and Pitx2. Thus, a function of cLefty-1 is considered to be inhibition
Cell Grafting
of X activity ( Figure 4B ) rather than repression of its Fertilized chick eggs were purchased from Yamagishi Co. (Tokuexpression ( Figure 4A ). Since the mouse and chick X shima, Japan) or from Nisseiken Co. (for SPF, line Yamanashi, Japan) are likely to be equivalent, this midline barrier model and incubated at 37.5ЊC-38.5ЊC until the desired stages. CEFs were for the mouse fits well with the chick model discussed grown as described previously (Ohuchi et al., 1997) . For grafting experiments, CEFs were first infected with viruses, cultured for 3 above, although we hypothesize that X is induced by days, harvested by light trypsinization, and centrifuged for 5 min at Shh in the chick.
800 revs/min. The resulting cell pellet was cut into pieces using
In summary, we propose a midline barrier model for tungsten needles. Chick embryos were grown in vitro according to the chick, presuming the presence of clefty-1 and the procedure of New (1955) . Using fine tungsten needles, a small clefty-2 as shown in Figure 4B . The molecular pathway slit was made into the appropriate region of the embryo, and a for establishment of L-R asymmetry appears to involve piece of cell pellet was grafted into the prepared slit. Embryos were incubated until appropriate stages.
the sequential expression of activin ␤B, Shh, and nodal: Activin ␤B is the earliest known gene to exhibit asymme- Wilkinson (1992) with minor HN at stage about 4 (Levin et al., 1995; modifications (Ohuchi et al., 1997) . The following probes were used 1997). In contrast, expression of Shh is restricted to the for in situ hybridizations: mouse Pitx2 (Semina et al., 1996) , nodal left side of HN at stage 5 (Pagan-Westphal and Tabin, (Levin et al., 1995) , cSnR (Issac et al., 1997) , and chick Pitx2 ( this study).
1998) and induces the expression of an unknown factor X, which is restricted to the left LPM at stage about
